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Available online 4 March 2008The centipede Strigamia maritima forms all of its segments during embryogenesis. Trunk segments form
sequentially from an apparently undifferentiated disk of cells at the posterior of the germ band. We have
previously described periodic patterns of gene expression in this posterior disc that precede overt
differentiation of segments, and suggested that a segmentation oscillator may be operating in the posterior
disc. We now show that genes of the Notch signalling pathway, including the ligand Delta, and homologues of
the Drosophila pair-rule genes even-skipped and hairy, show periodic expression in the posterior disc,
consistent with their involvement in, or regulation by, such an oscillator. These genes are expressed in a
pattern of apparently expanding concentric rings around the proctodeum, which become stripes at the base of
the germ band where segments are emerging. In this transition zone, these primary stripes deﬁne a double
segment periodicity: segmental stripes of engrailed expression, which mark the posterior of each segment,
arise at two different phases of the primary pattern. Delta and even-skipped are also activated in secondary
stripes that intercalate between primary stripes in this region, further deﬁning the single segment repeat.
These data, together with observations that Notch mediated signalling is required for segment pattern
formation in other arthropods, suggest that the ancestral arthropod segmentation cascade may have involved
a segmentation oscillator that utilised Notch signalling.







Segmentation is a fundamental feature of the arthropod body plan,
as it is for several other phyla, including the chordates. During deve-
lopment, the segments of the bodymay become very different from one
another; indeed, this differentiation of form and function, and of seg-
ment number, is in large part responsible for the success of the arthro-
pods. However, when they ﬁrst arise, early in embryogenesis, segments
are morphologically very similar to one another, at least in the trunk.
This repeating segment pattern is generated by gene activity that
precedes the morphological differentiation of visible segments. Most
of what is known about this genetic control comes from work on the
fruit ﬂy Drosophila melanogaster. In Drosophila, maternal gradients
trigger a cascade of interactions between genes that are transcribed in
the blastoderm stage embryo. Segmentation genes of ﬁrst the gap,
then the pair-rule and ﬁnally the segment polarity classes are ex-
pressed in rapid succession, generating a series of increasingly re-
solved molecular patterns while the embryo is still a multi-nucleate
syncytium. Within 3 h of fertilization, expression of the segmentf Evolution, Systematics and
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l rights reserved.polarity gene engrailed has resolved to 14 rows of cells, each a single
cell wide. These rows deﬁne the boundaries of the segments
(Lawrence, 1992).
It is becoming increasingly clear that the specialised segmentation
machinery of Drosophila is not representative of all arthropods. Most
arthropods add segments sequentially, with pattern emerging from a
posterior zone where cells are growing and dividing. In contrast,
Drosophila makes all of its segments almost simultaneously through
the sub-division of existing tissue, without concomitant growth. At
least one of the key genes in the Drosophila segmentation cascade,
bicoid, is unique to the Diptera (Stauber et al., 2002). Orthologues of
other Drosophila segmentation genes do appear to be used during
segmentation in a wide range of arthropods, but expression studies,
and in some cases functional data, suggest that they may have differ-
ent roles in different arthropod lineages. This is particularly true of
genes acting at the gap and pair-rule levels of the Drosophila hierarchy
(Peel et al., 2005).
An extreme example of sequential segment formation is provided
by the geophilomorph centipede Strigamia maritima, in which close to
50 segments are added to the elongating germband during embry-
ogenesis (Kettle et al., 2003; Chipman et al., 2004b). Segments are
added over a period of days, so the anterior–posterior axis of the
embryo is also a time axis, with anterior segments being developmen-
tally older than posterior ones. Thus a single embryo displays many
phases of the segmentation process (Chipman et al., 2004b). This
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molecular patterns that underlie the process of sequential segment
formation.
The last common ancestor of S. maritima and D. melanogaster lived
at least 450 million years ago (Grimaldi and Engel, 2005; Edgecombe
and Giribet, 2007). This phylogenetic distance allows a comparison
that can shed light on the early stages of arthropod evolution, and hint
at the ancestral segmentation cascade in the phylum. Finally,
S. maritima is of special interest in the context of arthropod segmen-
tation because it has a variable number of segments both within and
between populations (Kettle and Arthur, 2000; Arthur and Chipman,
2005), and can potentially shed light on the mechanisms of the
evolution of variation in segment number.
During formation of the trunk segments, two distinct domains can
be identiﬁed within the embryo (Fig. 1). Extending behind the head is
the segmented germ band, where individual segments are morpho-
logically distinct. At the posterior is an apparently uniform disk of
cells, which is only a few cell layers thick throughout the early stages
of development. Between these regions is a transition zone where
segments are added to the germ band, presumably by recruiting tissue
from the posterior disk, though the cellular details of this process are
not yet clear. As segmentation proceeds, the posterior disk contracts,
until towards the end of the segmentation process it reaches the same
width as the segmented germ band. The only obvious feature of the
posterior disk is the proctodeum, initially a circular thickening at the
centre of the disk, which moves posteriorly as segmentation proceeds,
and eventually becomes the site of hindgut invagination (Chipman
et al., 2004b).
The expression of engrailed marks the posterior part of each
forming segment in S. maritima (Kettle et al., 2003), much as it does in
Drosophila and other arthropods. engrailed expression is ﬁrst visible in
the transition zone, shortly before segments become morphologically
distinct. We have previously described the expression of two other
genes, caudal (Stm-cad) and an odd-skipped-related gene (Stm-odr1),
that reveal earlier phases of segment patterning (Chipman et al.,
2004a). The odr1 gene is expressed in the posterior disc, in concentric
rings of cells around the proctodeum. Study of this pattern in em-
bryos of similar age, and over time as segments are added, suggests
that odr-1 may be dynamically regulated in travelling waves, ana-
logous to those seen in the presomitic mesoderm of vertebrates.
caudal is expressed throughout the posterior disc, but in the tran-
sition zone its expression becomes modulated by the forming seg-
ment pattern. Comparison of the expression patterns of odr1, caudal
and engrailed show that the initial pattern in the posterior disc has a
double segment periodicity, and that these double segmental units
are subdivided by the intercalation of secondary stripes of caudal atFig. 1. Diagrammatic representation of S. maritima embryos at early (A) and late (B) stages of
established trunk segments, and red the posterior disc, which shrinks as the segmented germ
becomes visible, molecularly and then morphologically, as segments emerge from the poster
the head. Panel A is based on an in situ of an embryo hybridised for Delta and engrailed. At
embryo shown in Fig. 2K, hybridised for Delta only. as—antennal stripe of engrailed expressor shortly before the onset of engrailed expression (Chipman et al.,
2004a).
Here, we present a more detailed study of gene expression during
segment formation in S. maritima. We extend our earlier study to
include homologues of the Drosophila pair-rule segmentation genes
hairy and even-skipped. We also examine the expression of genes
encoding key proteins in the Notch signalling pathway. Notch is not
known to play any role during early segment patterning in D.
melanogaster, but Notch-mediated signalling plays an essential role
in the metameric patterning of vertebrate somites (Pourquié, 2003),
and also during segment patterning in some chelicerate arthropods
(Stollewerk et al., 2003; Oda et al., 2007). Moreover, the involvement
of an odd-skipped-related gene during segment patterning in S.
maritima is suggestive of a role for Notch: In Drosophila, odd-skipped
family members are targets of Notch signalling in the developmental
context of limb segmentation (de Celis et al., 1998; de Celis Ibeas and
Bray, 2003), though apparently not in the context of axial segmenta-
tion, where odd-skipped functions as a pair-rule gene.
We show that all of these genes are regulated in a manner that
suggests their involvement in the early phase of segment patterning.
We present these data, ﬁrst with a focus on the early phase of
patterning in the posterior disc, and then on the transition zonewhere
the double segment pattern resolves to the ﬁnal single segment
repeat.
Materials and methods
Embryo collection, ﬁxation and staging
Eggs of S. maritima were collected in June 2004–2006 in Brora in north-eastern
Scotland and ﬁxed in the ﬁeld as described previously (Chipman et al., 2004b). In some
cases eggs were collected live and kept in petri dishes on paper moistened with Locust
Embryo Saline (Chipman et al., 2004a) until they reached the desired stage, when they
were either ﬁxed in the same way as those ﬁxed in the ﬁeld, or transferred to 0.5× PBS
for at least 2 h prior to transferring them to the ﬁxative. This pre-incubation in 0.5× PBS
reduces subsequent shrinkage and collapse of the embryos during ﬁxation.
Embryos were staged by counting the total number of morphologically visible
segments (as deﬁned by segmental grooves), either in whole embryos or in ﬂat mount
preparations. Segment numbers given here therefore include the head segments. These
counts have an error of ±1 or 2, as the last formed segments can be barely distinct,
particularly at the later stages of embryogenesis. In some cases embryos were staged
more generally, as deﬁned in Chipman and Stollewerk (2006).
Gene cloning
S. maritima homologues of candidate genes were cloned through a combination of
methods. Degenerate primers were designed based on published sequences of
homologous genes in various arthropod species from GenBank. These primers were
used to amplify target sequences either from genomic DNA or from cDNA. The resulting
PCR fragments were cloned into pGEM T-easy plasmids for sequencing. In some cases,
the resulting fragment was long enough for generating a probe to be used for in situsegmentation, coloured to show the major regions of the embryo. Blue demarcates the
band grows. Magenta depicts the transition zone, where the single segment repeat ﬁrst
ior disc. The future head is marked in green. We do not further discuss segmentation in
this stage engrailed stripes delineate the head segments clearly. Panel B is based on the
ion; al—antennal lobe; p—proctodeum; ee—extra-embryonic territory.
162 A.D. Chipman, M. Akam / Developmental Biology 319 (2008) 160–169hybridisation experiments. In other cases, the sequence was extended by a combination
of inverse PCR – using a template of circularised genomic DNA, and outward facing
primers – and RACE. In one case, the full coding sequence was recovered by screening a
cDNA library (see details below).
even-skipped






RT-PCR with these primers gave two classes of fragment containing distinct even-
skipped related genes that we name eve1 and eve2. Extension with iPCR gave additional
sequence, mostly intronic. Extension with RACE gave the full coding sequence for eve2,
and most of the 5′ coding sequence for eve1. These sequences have the accession
numbers EF165715, EF165716 (eve1) and EF165717, EF165718 (eve2). The two amino
acid sequences are alignable over a stretch of 176 aa, inwhich there is a 55% identity and
a 64% similarity (scores from BLAST alignment using a BLOSUM64 matrix). Within the
homeobox, the two sequences differ by only three amino acids. At the nucleotide level,
there is stretch of 229 bp – spanning slightly more than the homeobox – in which there
is 78% identity.
Both the initial degenerate PCR fragments (172 bp and 174 bp respectively) and the
5′ RACE fragments for both genes (602 bp and 568 bp respectively) were used to
generate probes for in situ hybridisation experiments.
hairy and enhancer of split
A series of degenerate primers were designed that would give products both of
hairy homologues and of enhancer of split homologues (together referred to as the





Genomic PCR with these primers recovered fragments from three distinct HES
genes, named HES1, HES2, HES3. A cDNA library was screened (see below) with a mixed
probe against all three sequences. The screening recovered the full-length sequence of
HES1, and an additional sequence, named HES4. These sequences have the accession
numbers EF175913, EF175914 (HES1), EF175915 (HES2), EF175916 (HES3), EF165720
(HES4). The HES1 gene has three short introns, 89 bp, 84 bp and 98 bp long. The two
short fragments, HES2 and HES 3 do not have an intron in the corresponding position to
the ﬁrst HES1 intron. We have no information about the genomic structure of the HES4
gene.
To identify which subfamily within the HES family the recovered genes belong to,
we performed a phylogenetic analysis with published sequences of various HES family
members from other species. As a reference we used the phylogeny in Davis and Turner
(2001), which splits the vertebrate HES genes into four subfamilies: Hairy, E(spl), Hey
and Stra13. We chose 2–4 genes from each subfamily, plus additional published
sequences from different arthropods.
Initial sequence alignments were carried out using CLUSTAL X (Thompson et al.,
1997), with a gap opening penalty of 10, gap extension penalty of 0.2, and the Gonnet
series protein weight matrix. The resulting alignment was improved by eye and
ambiguous regions masked out, using MacClade (Maddison and Maddison, 2000). The
Stra13 genes were eliminated from the analysis because they have signiﬁcant
divergent stretches and could not be aligned with the other sequences for their entire
length.
The phylogenetic analysis was done using Jones Taylor-Thornton substitution
model, incorporating a gamma distribution for among-site rate variation (four discrete
rate categories) and an estimate of invariable sites (JTT+Γ+I). An iterative search of tree
space for Maximum Likelihood phylogenetic trees was performed using the PHYML
web interface (Guindon and Gascuel, 2003; Guindon et al., 2005) starting with a tree
made by the BIONJ algorithm. A heuristic ML search with the nearest-neighbour
interchange (nni) algorithm was then performed using the substitution rate matrix,
base frequency, alpha parameter of the gamma distribution and proportion of invariant
sites all estimated by maximum likelihood. Branch lengths and rate parameter values
were optimised on each best tree and likelihood scores of trees calculated. Support for
each branch on the ML treewas measured with bootstrap proportions, on 100 data sets,
bootstrapped and analysed in PHYML as for the original analysis.
Additional genes
A probe for engrailed was generated using the sequence in Chipman et al. (2004b).
Probes for cad and odr-1were generated using the sequences in Chipman et al. (2004a).
Probes for Delta and Notchwere generated using sequences in Chipman and Stollewerk
(2006).In situ hybridisation
Detection of RNA transcripts through RNA in situ hybridisationwas done essentially
as described before (Chipman et al., 2004b). Simultaneous detection of two transcripts
was done by two colour detection (Chipman and Stollewerk, 2006), for embryos in
advanced stages of segmentation, when both probes gave a strong signal. For earlier
stages, or when the available probes only gave a weak signal, two probes were detected
together using the same colour reaction.
cDNA library preparation and screening
A cDNA library was prepared commercially in a Lambda Zap II vector by DNA
Technologies (Gaithersburg MD, USA). The source material for the library was approx-
imately 720 S. maritima eggs of mixed stages, mostly late- and post-segmentation. The
eggs were homogenised directly in RNAlater (Ambion) and stored at 4 °C for shipping to
the company.
For screening the library to ﬁnd clones containing HES family members, 240,000
plaques were screened with a mixed probe to HES1–3. Twelve positive plaques were
identiﬁed in the primary screening. The inserts from 8 of these were shown to contain
HES sequences following PCR using vector speciﬁc primers, 7 from HES 1 and 1 from
HES4. The PCR products were sub-cloned into pGEM T-easy plasmids.
Results
Transcripts for both Notch receptor and its ligand Delta show patterned
expression during the early phase of S. maritima segmentation
In vertebrates, Notch-mediated signalling is essential in the pre-
somitic mesoderm for the coordination of gene expression between
cells that allows segment pattern to emerge. It may also form part of
the feedback system that actually drives oscillatory gene expression
(Pourquié, 2003; Rida et al., 2004). This role of Notch signalling
frequently results in the modulation of transcript and protein levels
for Notch ligands, and sometimes receptors, such that the distribution
of these gene products reveals the co-ordinated oscillations of gene
expression that precede overt segment formation. We therefore ex-
amined the distribution in segmenting S. maritima embryos of RNA
for Notch itself, encoding the receptor, and for Delta, encoding a Notch
ligand. Both genes are widely transcribed in the developing embryo,
including in cells of the posterior disk from which segments will
emerge (Figs. 2 and 3), satisfying a ﬁrst necessary condition for their
involvement in segment pattern generation.
Delta RNA accumulates in a pattern of rings around the procto-
deum, resolving to stripesmore anteriorly towards the germ band (Fig.
2). Transcript levels are stronglymodulated, with little or no transcript
detectable between rings. In the area immediately around the proc-
todeum, this pattern is variable between embryos of similar ages, and
often irregularly asymmetric. Further from the proctodeum, the rings
becomemore sharply focussed, and irregularities in the pattern appear
to be “smoothed out” (see e.g. Figs. 2D, F). In all these respects, this
pattern is very similar to that previously described for the odd-skipped
related gene Sm-odr1 (Figs. 3G, H).
Notch transcript levels are more uniform in the posterior disc,
except for increased levels around the proctodeum itself, but they
become modulated towards the forming germ band, resolving into
obvious stripes (Figs. 3A–F). Expression of both Delta and Notch
persists and evolves as segments mature.
To determine the relative positions of cells expressing Delta and
odr1, we used two colour double in situ hybridisation (Fig. 4A). The
two patterns show the same overall periodicity, implying that Delta,
like Odr1, deﬁnes a double segment periodicity in the posterior disc.
However, the two genes are expressed out of phase: stripes of odr1 lie
between domains expressing Delta. In the region where Delta stripes
are well resolved, further from the proctodeum, odr1 expressing cells
can be seen to lie abutting, but just on the proctodeal side of, Delta
transcribing cells. They are separated from the next zone of Delta ex-
pression by cells that contain neither transcript. Thus, if the domains
of gene expression are expanding outwards from the proctodeum,
odr1 expression follows Delta expression, and then both cease to be
expressed until the onset of the next phase of Delta expression. This
would be consistent with the situation during Drosophila limb seg-
Fig. 2. The development of the Stm-Delta expression pattern during the progress of segment formation. (A–C) Embryo before anymorphologically visible development. (D–F) Embryo
with the anterior part of the forming germ band deﬁned, with only the ﬁrst 2–3 segments morphologically distinct. (G–I) An embryo with 18 visible segments. (J–L) An embryo with
35 visible segments. In panels A–C, Stm-Delta is expressed in a single near equatorial stripe (A) that extends around about 75% of the circumference of the egg (B, C). A single patch of
expression seen at the bottom of the embryo in A probably marks the posterior pole, where the proctodeum will form. Panel C shows the same embryo viewed from the presumed
posterior pole. At this stage the blastoderm seems uniform over the whole egg surface (data not shown). (D–F; G–I; J–L) These later stages all show concentric rings of Stm-Delta
expression around the proctodeum, andmore anterior stripes restricted to the forming germ band. At the onset of segment formation (D–F), 4–5 complete posterior rings encompass
almost a complete hemisphere of the egg (F); 3–4 primary stripes are visible between these and the forming head, but no intercalated stripes have yet appeared (E). As the embryo
develops, the posterior rings become fewer in number and restricted to a smaller part of the egg (H, K). The width of the stripes in the germ band becomes narrower, and intercalated
stripes appear closer to the proctodeum—after the ﬁfth resolved band of Stm-Delta in panels G, H, and after the 2nd band in panels J, K. Panel L shows an enlarged view of the posterior
of panel K. Major stripes are marked with arrows and minor, intercalated stripes with arrowheads. Note that in all of the embryos, the expression of Stm-Delta is irregular and
asymmetrical immediately around the proctodeum; the outer rings are better resolved and more closely spaced. (A, D, G, J—midline views of germ band and posterior disc,
proctodeum towards the bottom; B, E, H, K—lateral views, anterior to the left, midline at top. C, F, I—posterior view, germ band extending towards the top. For panels A–C the
orientation of the embryo is inferred from the symmetry of the expression pattern, and its relation to later stages; there are no other landmarks to orient the egg.)
163A.D. Chipman, M. Akam / Developmental Biology 319 (2008) 160–169mentation, where odd-skipped transcription is a response to active
Notch signalling.
Because levels of Notch transcript are less strongly modulated than
those of odr1 or Delta, we have been unable to obtain satisfactory
double in situs to resolve the locations of cells with up-regulated
Notch in relation to these genes.
We have been able to examine a few embryos for Delta expression
at stages before the onset of any morphological segmentation. These
reveal a striking early phase of Delta expression. Transcripts accu-
mulate in a near equatorial ring that surrounds approximately three
quarters of the circumference of the egg (Figs. 2A–C), and in a spot that
lies at a point deﬁned by the centre of this ring, which we take to bethe future proctodeum. Somewhat older embryos, with head seg-
ments just forming, show a concentric pattern of broad rings centred
on the proctodeum, and just a few stripes more anteriorly, restricted
laterally to the territory of the germ band just behind the head (Figs.
2D–F). We do not have enough embryos at these early stages to say
how the ﬁrst equatorial Delta stripe arises, where it lies in relation to
forming segments, or how this early pattern evolves into the later.
Comparison between early and later stage embryos (e.g. Figs. 2D–F
vs. G–I) suggests that the broad rings of early embryos encompasses
more cells than the narrower rings of later embryos. However, the
blastodisc is already multilayered at all these stages (C. Brena, per-
sonal communication) and we have not yet examined the cellular
Fig. 3. Expression of Stm-Notch during segmentation in Strigamia maritima. (A–F)
Embryos hybridised with probe for Stm-Notch. (A, B) Embryo with 7 morphologically
distinguishable segments; (C, D) Embryo with 15 visible segments; (E, F) Embryo with
30 visible segments. Panel A, C, E are lateral views, anterior to the left; Panels B, D, F are
views from the posterior, germ band extending towards the top. Stm-Notch is broadly
expressed in the head, germ band and posterior disc. No concentric rings are visible
around the proctodeum, but stripes are resolved in the transition zone. These are
probably of double segment periodicity. Levels of Stm-Notch transcripts are higher
immediately around the proctodeum, but fall rather abruptly just posterior to the
proctodeum. (G, H) For comparison panels G, H show equivalent lateral and posterior
views of an embryo at approximately the same stage as panels C, D hybridised with
probe for Stm-odr1 (reprinted from Chipman et al., 2004a). The pattern of concentric
rings is similar to that seen for Stm-delta (compare with Figs. 2G, H), but contrasts with
that for Stm-Notch, which does not show the pattern of rings around the proctodeum.
Note the strong tightly localised expression of Stm-odr1 in the proctodeum, also clearly
visible in the double stains of Fig. 4.
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precisely.
Homologues of the pair-rule genes hairy and even-skipped also reveal
double-segment patterning during the early phase of segmentation
The early phase of segmentation in S. maritima generates a pattern
of double segment periodicity (Chipman et al., 2004a), superﬁciallysimilar to the pair-rule stage of segment patterning in Drosophila.
Moreover, homologues of several Drosophila pair-rule genes appear to
play a role in segmentation in awide range of arthropods (Damen et al.,
2005), and the homologues of one of them, hairy, are involved in ver-
tebrate somite patterning. We therefore sought to determine whether
homologues of hairy, and of the primary pair-rule gene even-skipped
might be involved in the early phase of S. maritima segmentation.
even-skipped
We recovered two distinct homologues of even-skipped from S.
maritima (see Materials and methods). The similarity in the amino
acid sequences of the two genes, and the fact that both genes have an
intron at the same positionwithin the homeobox, which is not shared
with other arthropod even-skipped genes, suggests that they may
derive from a duplication speciﬁc to the lineage leading to Strigamia.
We do not know whether they are closely linked in the genome.
Transcripts of both even-skipped genes are present in concentric
rings of cells around the proctodeum, similar to those observed for
Delta and odr1. eve2 is expressed strongly in the proctodeum itself
and in the surrounding tissue of the posterior disc, but it is not ex-
pressed more anteriorly in the region where segments are forming
(Figs. 5A, B). In contrast, eve1 is not expressed in the proctodeum itself,
but its expression extends anteriorly into the segmented germ band
(Figs. 5C, D).
In the zone around the proctodeum, eve1 and eve2 are expressed
in overlapping patterns that cannot be differentiated in two colour
staining experiments (not shown). Their expression overlaps almost
exactly with that of odr1, and therefore deﬁnes a double segment
repeat (Fig. 4D). In each ring, expression of odr1 possibly extends
slightly beyond that of eve (i.e. further from the proctodeum),
suggesting that eve expression may follow odr1 expression with a
slight lag.
Hairy/Hes related genes
The identiﬁcation of hairy orthologues is not so straightforward as
for even-skipped. We identiﬁed 4 members of the hairy/enhancer of
split family of genes. Phylogenetic analysis suggests (albeit with weak
support) that two of these, HES1 and HES4, for which we have full-
length coding sequences, fall into the group of arthropod hairy genes
(Fig. 6, see Materials and methods). The two remaining sequences,
HES2 and HES3 are too short to be reliably placed, but they are
possibly members of the enhancer-of-split group. We do not discuss
them further.
Both HES1 and HES4 are expressed in the posterior disc, as well as
in more mature segments. Levels of HES1 transcript seem to be low in
the posterior disc, and we have not been able to resolve obvious
stripes or rings (data not shown). It has a complex and dynamic
pattern of expression in fully formed trunk segments, and in the head
region, but we have not analysed this in any detail.
The expression of HES4 is more obviously related to segment pat-
terning, at least in embryos that are in the middle and later stages of
segment formation (Fig. 7). Again, transcript is concentrated in
concentric rings of cells around the proctodeum, and double staining
shows that these are of the same periodicity as those of odd-skipped
and Delta (Figs. 7D, E), at least in the outer part of the posterior disc,
where the HES4 expressing stripes appear to largely overlap the
primary stripes of Delta (Fig. 7C). Closer to the proctodeum, and
especially in younger embryos, the pattern of HES4 expression is
patchy and poorly resolved, but this may in part be a problem of
resolution at low transcript levels. In fully formed trunk segments,
HES4 is expressed in every segment, with high levels in themesoderm,
and close to themidline (Fig. 7E).We have not resolved exactly what is
going on in the transition zone; the clear striping in the posterior disc
gives way to expression that is apparently rather uniform, but this
may be due to the superposition of different patterns in themesoderm
and the ectoderm.
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We have previously shown that the patterning of odr1 and caudal
expression in the blastodisc deﬁnes a double segment periodicity(Chipman et al., 2004a). Above we have shown that Delta, even-
skipped and at least one hairy-related gene are expressed with the
same double segment periodicity in the posterior. No gene that we
have examined so far shows a single segment periodicity in the
posterior disc, suggesting that the appearance of a single segment
repeat in the transitional zone represents a second phase of pattern
generation, built upon the complexity of gene expression in the initial
double segment repeat.
Comparison of embryos stained for both caudal and Delta reveals
this complexity particularly well. In the younger part of the trans-
itional zone, closest to the posterior disc, these two genes are ex-
pressed in well-resolved primary stripes that lie almost exactly out of
phase with one another (Fig. 4B). engrailed stripes, presaging future
segment boundaries, will appear aligned with each of these stripes
(Chipman et al., 2004a, Fig. 4E). Thus, alternate segment boundaries
are generated from cells that have different “molecular addresses”
within the double segment repeat, just as odd and even numbered
segment boundaries in Drosophila arise within even-skipped and fushi
tarazu expressing territories of the initial pair-rule repeat.
Secondary stripes of caudal (Chipman et al., 2004a), Delta (Fig. 2L),
and probably eve1 (Fig. 5D) also intercalate between the primary
stripes, and the expression of all these genes persists, in single segment
periodicity, well into the phase of segmentmaturation, suggesting that
these three genes are additionally activated by this second round of
pattern generation. In contrast, expression of eve2 and odr1 fades at
this stage, suggesting that they are not involved in the second phase of
pattern generation.
We have not examined subsequent patterning of the segments in
any detail, but unsurprisingly, many of the genes that we have ex-
amined here are also expressed later, as the segments mature. Chip-
man and Stollewerk (2006) present a more detailed description of the
expression of Delta and Notch during neurogenesis.
Discussion
We have shown here that homologues of the Drosophila pair-rule
genes hairy and even-skipped, and genes of the Notch signalling path-
way, are all expressed in the posterior disc of S. maritima embryos, in
radial patterns centred on the proctodeum. This gene activity precedes
by some time the expression of engrailed and the overt appearance of
the segments that will derive from this tissue. Fig. 8 summarises in
diagrammatic form our current understanding of the relationships
between the expression domains of these genes, in the posterior disc,Fig. 4. The relationship between the expression patterns of Stm-odr1, Stm-Delta, Stm-
cad, Stm-eve2 and Stm-en. (A) The posterior part of the germ band from a 15-segment
embryo stained for Stm-odr1 (brown) and Stm-Delta (magenta) removed from the yolk
and mounted ﬂat. Anterior is to the left. In the transition zone, the Stm-Delta rings/
stripes are anterior and adjacent to the Stm-odr1 rings. In the posterior disc the two
patterns are complementary and ﬁll the entire domain. Primary Delta stripes 1–7 are
numbered. The expression of Stm-odr1 fades out beyond about stripe 6. (B) A similar
preparation of a 15-segment embryo stained for Stm-Delta (magenta) and Stm-cad
(blue). Both genes are expressed in a double segment periodicity around the
proctodeum, but out of phase with one another, so that their expression appears as
alternating stripes. Primary Stm-Delta stripes 1–7 are numbered. Anterior of about
stripe 6, in the transitional zone, secondary stripes of caudal appear overlapping the
primary Delta stripes, and vice versa. The arrowhead marks a secondary Stm-cad stripe
superimposed on a primary Stm-Delta stripe. More anteriorly, in the segmented germ
band, both genes are expressed segmentally. Stm-cad becomes restricted to the middle
of the segment and Stm-Delta to the lateral margins (not shown). (C) A stage 5a embryo
(late segmentation) stained for Stm-cad (blue) and Stm-odr1 (magenta, weak).
Expression of the two genes overlaps partially, but the Stm-odr1 rings/stripes extend
slightly outside those of Stm-cad (with respect to the centre of the pattern). (D) A stage
5a embryo showing the expression of Stm-eve2 (blue)—and Stm-odr1 (magenta). The
two patterns largely overlap, but the Stm-odr1 rings extend slightly outside those of
Stm-eve2 (again, with respect to the centre of the pattern). (E) An embryo with 30
segments stained for Stm-en (magenta) and Stm-Delta (blue). The segmental stripes of
Stm-en overlap the expression of Stm-Delta in the transition zone. pd—posterior disk,
gb—germ band, tz—transition zone.
Fig. 5. Expression of the two even-skipped homologues during segmentation in Strigamia maritima. (A, B) Expression of Stm-eve2 in an embryowith 11 segments; (A) viewed from the
posterior, anterior up; (B) ﬂat mounted with anterior to the left. Expression can be seen in the proctodeum and in four concentric rings, but these fade out before the transition zone.
(C, D) Expression of Stm-eve1 in an embryo with 11 segments; (C) viewed from the posterior, anterior up; (D) ﬂat mounted with anterior to the left. There is no expression in the
proctodeum. Approximately ﬁve concentric rings can be seen in the posterior disc, with stripes persisting through the transition zone and into the segmented germ band. In the
transition zone, secondary stripes (arrowheads) can be seen intercalated between primary rings (arrows). In the germ band, stripes are at single segment intervals (compare with
segments seen by morphology in panel B). p—proctodeum. In D, the darker area in the middle of the posterior germ band is an artefact due to wrinkling of the embryo.
166 A.D. Chipman, M. Akam / Developmental Biology 319 (2008) 160–169in the transition zone where segments are emerging, and in newly
formed segments of the germ band.
We interpret these patterns according to a working model es-
sentially similar to that outlined previously (Chipman et al., 2004a),Fig. 6. Maximum likelihood tree for the relationships between hairy/enhancer-of-split famil
support have been collapsed to polychotomies. The two Strigamia maritima genes are shown
melanogaster Dpn—AAF59113;Drosophila pseudoobscura Dpn— EAL24858; Anopheles gamiae
AAL17776; Drosophila virilis hairy — A4444; Tribolium castaneum hairy — CAD29886; Cupie
maritima HES1 — EF175913; Xenopus laevia hairy2a — AAK63841; Gallus gallus hairy1a — A
sapiens HES1—NP005515; Strongylocentrotus purpuratus HES— AAS46235; Drosophila melano
XP393312; Mus musculus HES2 — BAA24091; Homo sapiens HES2 — CAB46198; Xenopus laev
gambiae HES1 (ENSANGP00000027609) — EAL41793; Mus musculus Hey1 — NP034553; Homwhich takes account of the variability seen between individual em-
bryos in the precise phasing of the patterns in relation to the procto-
deum. We suspect that, close to the proctodeum, gene expression is
highly dynamic, with individual cells showing oscillatory gene expres-y members. Bootstrap support is given for branches where N50%. Branches with lower
in larger font. The accession numbers of the sequences used are as follows: Drosophila
Dpn— EAL42443; Strigamiamaritima HES4— EF165720;Drosophilamelanogaster hairy—
nnius salei hairy — CAB89491; Achaearanea tepidariorum hairy — BAD01491; Strigamia
AP44728; Xenopus laevis hairy1 — AAA79185; Mus musculus HES1 — NP032261; Homo
gaster E(Spl)— CAA47432; Anopheles gambiae E(Spl)— EAA00388; Apis mellifera E(Spl)—
is ESR1 — AAK63839; Drosophila melanogaster HES1 (CG11194) — AAF59152; Anopheles
o sapiens Hey1 — AAF37297.
Fig. 7. Expression of the Hairy homologue HES4 in embryos of Strigamia maritima. (A, B) Expression of Stm-HES4 in an embryo with 25 segments. (A) Posterior view, anterior up; (B)
Complete ﬂat mount of the same embryo, viewed in bright ﬁeld illumination. Concentric rings extend around the proctodeum but become unclear in the transition zone. Intense
staining in the anterior trunk and the gnathal segments probably corresponds to the forming segmental ganglia. (C) An embryo at late segmentation stained for Stm-Delta (magenta)
and Stm-HES4 (blue). The major and minor stripes of the two genes mostly overlap in the transition zone, although expression of Stm-HES4 in the minor stripes is signiﬁcantly
stronger and mostly masks the Stm-Delta expression pattern. (D) An embryo at late segmentation stained for Stm-odr1 (magenta), and Stm-HES4 (blue). The two patterns abut or
partially overlap, with expression of Stm-odr1 lying internal to the Stm-HES4 pattern (i.e. closer to the proctodeum). The expression of Stm-odr1 fades much earlier. (E) High
magniﬁcation view of three segments of a late segmentation stage embryo double stained for Stm-engrailed (red) and Stm-HES4 (dark blue). The posterior margin of the segment is
marked by Stm-en expression, whereas Stm-HES4 is expressed in the mesoderm of each segment (identiﬁable as the inner layer of cells ﬂanking a cavity within each segment,
arrowhead). pd—posterior disk, gb—germ band, tz—transition zone.
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deﬁned spatial bands of gene expression that aremoving relative to the
population of cells in the posterior disc. As these bands approach the
transition zone they become narrower andmore tightly resolved, such
that a number of clearly distinct cell states are present within the
compass of a single pattern repeat. For example, the caudal and Delta
stripes shown in Fig. 4B overlap near the proctodeum, but are sepa-
rated from one another by cells that contain neither transcript in the
transition zone. Somewhere in this region, before the onset of engrailed
expression, the bands of gene expression presumably cease moving
relative to the population of cells, and become fate markers for future
segment territories, in a manner directly analogous to that proposed
for segment patterning in the presomitic mesoderm of vertebrates
(Pourquié, 2003). One repeat of this pattern corresponds to two seg-
ments (Chipman et al., 2004a).We are currently attempting to demon-
strate the dynamic aspects of thismodel directly, but do not so far have
a direct proof that our interpretation is correct.
The single segment repeat ﬁrst appears in the transition zone,
where transcription of Delta, caudal, and eve1 initiates between the
primary stripes of the radial pattern. These secondary stripes are res-
tricted to the territory of the forming germ band, unlike the primary
stripes, most of which extend all theway around the proctodeum. This
suggests that the secondary stripes are initiated by a mechanism
distinct from that which generates the primary stripes. However, it is
worth noting that the secondary stripes arise at a point where the
physical spacing of the primary stripes is increasing, probably as a
result of local cell rearrangement (Chipman et al., 2004a, and see for
example Fig. 2H here). Thus changing cell–cell interactions speciﬁc to
the germ band may play a role in facilitating this further phase of
pattern subdivision.
The ﬁrst transcription of engrailed follows shortly (i.e. 1–2 segment
repeats) after the appearance of secondary Delta and caudal stripes.
Initially, engrailed reﬂects the different upstreampatterning of odd and
even-numbered segments, transiently showing alternating strong and
weak stripes. However, within a few segment repeats the pair-rulemodulation of engrailed fades away, as do the differences between
primary and secondary stripes of caudal, Delta and eve1, until in the
mature germ band all segments show similar patterns of gene
expression.
The distinct patterns of expression of the two even-skipped genes
suggest that they differ in their regulation, with eve2 active only
during the early phase of double segment patterning, while eve1 is
also regulated by, and perhaps plays a role in, single segment pat-
terning. In insects, even-skipped genes also show distinct phases of
activity during segmentation, ﬁrst as a pair-rule or gap gene during
early patterning, and later in a segment polarity pattern (Frasch et al.,
1987; Mito et al., 2007).
Implications for the evolution of segment patterning
Our data provide circumstantial evidence that Notch signalling,
utilising the Delta ligand, is involved in the very early stages of seg-
ment pattern generation in S. maritima. They show that homologues
of the Drosophila pair-rule genes even-skipped and hairy are expressed
during this early phase of segment patterning, in a pattern correlated
with, and possibly regulated by Notch signalling. We cannot say
whether either of these genes (or indeed Notch signalling) is needed
for segment pattern generation. However, these data add to data now
available for a range of arthropods showing that pair-rule genes
appear to have a role during segment pattern generation across awide
range of species, even when the upstream process of pattern gene-
ration may be very different from that of the Drosophila gap-to-pair-
rule transcriptional hierarchy (Peel et al., 2005).
In chelicerates, experimental data shows directly that Notch sig-
nalling is needed for segment pattern to emerge (Stollewerk et al.,
2003; Schoppmeier and Damen, 2005). The likely involvement of
Notch signalling in the segmentation cascade of both chelicerates and
myriapods suggests an involvement of this pathway in the common
ancestor of the two groups. Currently it is unclear whether the last
common ancestor ofmyriapods and chelicerates was also the common
Fig. 8. Schematic representation of the relative expression domains of the genes involved
in Strigamia maritima segmentation that are discussed in the text. The x-axis represents
increasing distance from the proctodeum (extreme right) towards the anterior (left). The
y-axis represents a subjective measurement of expression level and breadth of the
expression domain. The ﬁgure presents a synthesis of data from different stages, but is
drawn to represent the approximate proportions of the pattern in a 20–25 segment
embryo. Only the posteriormost 3–4morphologically distinct segments in the germ band
are represented. Genes with expression extending anterior to this are marked with a
small arrow. The relative positions of the expression domains of most genes have been
drawn to correspond as well as possible to their relative position in two colour in situ
staining. The exception to this isNotch, where double in situs have not been successful, so
we do not know the registration of Notch expression stripes to other genes. For HES4 we
cannot fully interpret the transition between the posterior rings and the expression in the
germ band, and have simply dotted a line to indicate continued expression.
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genies — see Giribet et al., 2001; Bitsch and Bitsch, 2004; Edgecombe
and Giribet, 2007 but see Mallatt et al., 2004; Pisani et al., 2004 for
alternative hypotheses). If it was, we might anticipate that some
members of the insect/crustacean clade would also utilise Notch sig-
nalling to generate segments. Notch is clearly involved in later aspects
of segment patterning in insects (e.g. Dearden and Akam, 2000), but
it is not known to have a role in generating the initial segment repeat
in Drosophila. The situation in more basal insect lineages remains
unclear.
Our results invite comparisons with the vertebrate segmentation
clock. So far, S. maritima is unique among the arthropods in showing
many cycles of expression of Notch and other segmentation genes
within “presegmental ectoderm”. This reﬂects the unusual cell dyna-
mics of these centipede embryos, in which a large population of un-
patterned cells are generated before segment patterning starts. This is
similar to the relative timing of growth and patterning in some
vertebrate embryos, but very different from the situation in manyshort germ arthropod embryos, where only a small population of
unpatterned ectoderm exists after the head and gnathal region have
been speciﬁed. This may explain why multiple cycles of (presumably
dynamic) gene activity are visible in S. maritima, while in many other
arthropods any such patterns, if they exist, must be restricted to a
small population of cells at the posterior end of the germ band.
However, this difference in relative timing may be of little conse-
quence for the fundamental mechanisms of gene expression during
segment patterning. Further speculation seems unwise until the pro-
cesses of segment patterning are better understood across the pan-
crustacean lineage, and in such arthropod outgroups as the onycho-
phorans and the tardigrades.
Concluding remarks
The segmentation of the geophilomorph centipede S. maritima
represents an evolutionarily derived pattern. The very large number of
trunk segments, and the generation of all segments during embryo-
genesis, are both autapomorphies of the geophilomorphs and their
close relatives within the centipedes (Edgecombe and Giribet, 2007).
It is not yet clear whether more basal centipede groups like the litho-
biomorphs show the same double segment periodicity and pattern
intercalation that we see in S. maritima (c.f. Hughes and Kaufman,
2002). Nonetheless, there are general lessons to be learned from close
study of embryonic development in this idiosyncratic organism. The
posterior undifferentiated disk can be seen as an enlarged and
exaggerated version of the growth zone in other arthropods. S.
maritima allows a detailed observation of processes that take place in
this critical patterning focus. The discovery that Notch and Delta have
a role in the early phases of segmentation suggests that the involve-
ment of this pathway in segmentation may be more widespread than
previously thought, and pushes back the possible date of its
recruitment into the segmentation cascade of arthropods. It may
also have signiﬁcant implications for the debate regarding the number
of times that segmentation has appeared throughout the evolutionary
history of bilaterians.
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